GUNTER, THOMAS E., AND DOUGLAS R. PFEIFFER. Mechanisms by which mitochondria transport calcium. Am. J. Physiol. 258 (Cell Physiol. 27 ): C755-C786,1990.-It has been firmly established that the rapid uptake of Ca2' by mitochondria from a wide range of sources is mediated by a uniporter which permits transport of the ion down its electrochemical gradient. Several mechanisms of Ca2' efflux from mitochondria have also been extensively discussed in the literature. Energized mitochondria must expend a significant amount of energy to transport Ca2' against its electrochemical gradient from the matrix space to the external space. Two separate mechanisms have been found to mediate this outward transport:
a Ca"'/ nNa+ exchanger and a Na'-independent efflux mechanism. These efflux mechanisms are considered from the perspective of available energy. In addition, a reversible Ca2+-induced increase in inner membrane permeability can also occur. The induction of this permeability transition is characterized by swelling of the mitochondria, leakiness to small ions such as K+, Mg2+, and Ca"', and loss of the mitochondrial membrane potential. It has been suggested that the permeability transition and its reversal may also function as a mitochondrial Ca2+ efflux mechanism under some conditions. The characteristics of each of these mechanisms are discussed, as well as their possible physiological functions.
calcium accumulation; calcium efflux; permeability transition; physiological functions; energetics MITOCHONDRIA POSSESS an elaborate system for facilitating the transport of Ca2+ across their inner membrane. It consists of three mechanisms showing carrier or gatedpore kinetics and perhaps a fourth mechanism involving a generalized membrane permeability change for small ions and molecules. Mitochondrial bioenergetics has evolved considerably since calcium transport was discovered in the early 1960s (120, 421) .
Transport in energized mitochondria was originally described as active Ca2+ uptake and passive release (77). However, chemiosmotic concepts (287) and the measurement of sizable internally negative membrane potentials (363, 366) led to our current picture of influx, over a uniporter, that is energetically downhill (366) and efflux, over two separate efflux mechanisms, that is energetically uphill (Ref. 333; see Fig. 1) . Mitochondrial Ca2+ uptake has sometimes been described as a "secondary active process" in recognition of the fact that metabolic energy is expended by the mitochondrion in establishing the membrane potential. We use the term "active transport" below to describe the situation in which metabolic energy from ATP hydrolysis or substrate oxidation is directly coupled to transport at the transporter and not indirectly coupled as through a passive uniporter, exchanger, or cotransporter.
The approach taken here is to describe the individual mechanisms of Ca2+ transport as precisely as possible from a biophysical perspective, briefly reviewing the literature and discussing recently published experimental results and their implications. In the APPENDIX, we evaluate some of the methods and techniques used in these studies, such as calibration techniques and measurement of free intramitochondrial Ca2+ and membrane potential. For more detailed coverage of the earlier literature, see Refs. 65, 72, 98, 121, 139, 140, 174, 252, 304, 306, 337, and 373 , and for reviews of hormone effects on mitochondrial Ca"+ influx or efflux (not covered here), see Refs. 111, 172, 190, 281, and 389. The recognition that Ca"+ is a second messenger within the cytosol has confirmed the importance of intracellular Ca2+. An important goal must now be to understand the physiological significance of mitochondrial Ca2+ transport, with an eye to the role played by these transport functions in the overall scheme of low cytosolic Ca"+ concentrations, punctuated by signaling pulses of Ca2+, in the expression of a message. This is discussed in the final section.
CALCIUM INFLUX General Properties of the Influx Mechanism
Mitochondria were first believed to sequester Ca2' through an active mechanism (77), making direct use of metabolic energy, because the amounts of Ca2' sequestered seemed to imply uptake against a concentration gradient. Over 3 ,umol Ca2+/mg protein (equivalent to 3 mM at 1 mg protein/ml) could be sequestered in the presence of Pi and ATP (378) . Mitochondria sequester Sr2+ (74), Mn"+ (80, 128), and Ba2+ (339, 418) , as well as Ca2+, with the selectivity Ca2+ > Sr2+ >> Mn2+ > Ba2+ (128, 418) . They also sequester Fe2+, Pb2+, and lanthanides (228, 339, 418) , apparently via the same mechanism. On the basis of inhibitor studies (59, 99) , influx of Mg2+ into heart mitochondria is believed to occur via a mechanism distinct from the Ca2+ uptake mechanism (uniporter; see Ref. 126 for review), whereas in brain (368) and liver (240) mitochondria, Ca2+ transport inhibitors inhibit Mg2+ influx as well as Ca2+. Thus, although the Ca2+ accumulation system has a very low activity at best for Mg"+ (78, 418) , the complete exclusion of this cation from transport on the uniporter may be tissue specific. Mitochondria from all vertebrate and many invertebrate species tested are able to sequester Ca2+ (65, 252) , beginning during embryonic development at a time which is species specific (66). These observations on capacity, ion specificity, and development suggest Ca2+ sequestration by a specific transport system that fulfills one or more specific functions.
Evidence for a Uniporter
The mitochondrion's electrochemical proton gradient (of which the membrane potential is the major component) can be maintained by outwardly directed proton pumping, either coupled through the electron transport system to substrate oxidation (287) or mediated by the F1-adenosinetriphosphatase (ATPase) using energy from ATP hydrolysis. Recognition of this fact (378) set the stage for identifying the Ca2+ influx mechanism as a uniporter. When energized by substrate oxidation, Ca"+ uptake could be inhibited by metabolic inhibitors but not by the ATPase inhibitor oligomycin (252). Conversely, when energized by ATP hydrolysis, uptake could be inhibited by oligomycin but not by metabolic inhibitors (252). Ca2' uptake could also be energized by the diffusion potential set up by outward flux of K+ over the ionophore valinomycin (378). Because the common denominator of all three of these modes of energization is a sizable internally negative membrane potential, it was recognized that Ca2+ uptake must be electrogenic and that the membrane potential must be a primary driving force (378). The simplest mechanism fulfilling these requirements is a uniporter, i.e., a mechanism that facilitates the diffusion of an ion down its electrochemical gradient and does not couple the transport to that of any FIG. 1. Where A$ = 180 mV, [Ca"'] other ion or molecule. Many other possible mechanisms were also considered, including a Ca2+/nK+ exchanger (386), a Ca2+/nH+ exchanger (341, 386), a Ca2+-P; COtransporter (293, 294) ) a Ca"+-p-hydroxybutyrate cotransporter (295), and others (386). In evaluating the possible alternative mechanisms, several types of evidence were obtained which in toto suggested a passive uniporter as the only feasible mechanism.
The Ca2+ uptake mechanism had already been seen to facilitate the diffusion of Ca ions down their electrochemical gradient as a uniporter would (252, 366, 378) . When mitochondrial buffering and transport of H+ coupled to Pi are taken into account, two H+ are pumped outward under energized conditions for each Ca2+ accumulated (58, 105, 145, 321, 371, 428) , as expected of a uniporter. Also the K+/O ratio for uptake of K+ through the K+ uniporter valinomycin is twice the Ca2+/0 ratio obtained for Ca2+ uptake (23). Furthermore, when Ca2+ uptake is driven by the K+ diffusion potential generated by valinomycin, the stoichiometry of K+ release to Ca2+ uptake is 2:1 (7, 23, 145), again consistent with the uniporter model.
Additional support for the uniporter mechanism was provided by the elegant passive swelling experiments of Selwyn et al. (386) , which showed that Ca2+ transport via this mechanism was not linked to exchange of Ca2+ for two K+ or for one or two H+. The object of these experiments was to delineate the conditions under which rapid osmotic swelling could and could not occur as a result of Ca2+ uptake and to determine the possible transport stoichiometries during this swelling.
The results showed that 1) swelling occurred only when Ca2+ and a charge-balancing anion were simultaneously taken up, without a net flux of H+. If the mechanism were a Ca2+/2H+ exchanger, uptake of Ca2+ along with a weak acid such as acetate should cause swelling. Because it did not do so, the uptake mechanism must INVITED REVIEW c757 not be a Ca'+/ZH+ exchanger. 2) The mechanism could not be a Ca'+/ZK+ exchanger, a Ca2+/lH+ exchanger, or a Ca"+-P; cotransporter. [Because mitochondria possess a rapid Pi-H+ cotransporter (241), any Ca"+-P; cotransporter would be thermodynamically equivalent to a Ca2+/ nH+ exchanger.] 3) All observations were consistent with the uptake mechanism being a uniporter.
Independent observations showed that uptake of divalent cations is not accompanied by simultaneous efflux of K+ (251) and that Ca2+ and Mn2+ uptake are insensitive to changes in medium K+ (333). Ca2+/Na+ exchange is not a possible candidate for the mechanism, since intramitochondrial Na+ is low and Ca2+ uptake is insensitive to changes in medium Na+.
The uniporter shows reversibility, which for technical reasons (see Calcium Concentration Dependence of Uptake, below) is easier to demonstrate with Sr2+ or Mn2+. Ruthenium red, a relatively specific inhibitor of the influx mechanism (284, 333, 420, 440) , has also been shown effectively to inhibit the rapid Mn2+ efflux induced by addition of the uncoupler carbonyl cyanide pchlorophenylhydrazone (CCP) (which rapidly lowers the membrane potential to near 0) from mitochondria preloaded with Mn2+ (166). Therefore, most of this CCPinduced efflux must be due to reversed transport of Mn"+ over the uniporter, following on reversal by CCP of the net driving force, demonstrating reversibility of the mechanism. All of these observations taken together strongly support the identification of the Ca"+ influx mechanism as a passive uniporter.
Calcium Concentration Dependence of Uptake
The driving force for a Ca"' uniporter is the Ca2+ electrochemical gradient, Apca = RTln( [Ca2']0,t/[Ca2'];,) + 2F(~out -$in). A kinetic study of mitochondrial Ca2+ uptake should concern itself with both the Ca2+ concentration gradient and the membrane potential gradient; however, although considerable work has been performed on the Ca2+ concentration dependence of uptake, little has been directed at the membrane potential dependence of Ca2+ uptake. Here we follow a historical perspective, emphasizing the concentration dependence of Ca2' uptake, and in the next section show how to separate the Ca2+ concentration and membrane potential dependencies.
In reviewing the Ca2+ transport literature, it is important to bear in mind two problems commonly encountered in measuring mitochondrial Ca2+ fluxes. First, at external free Ca2+ concentrations ([Ca"'] ) above a few micromolar, the Ca"' uptake velocity can be high enough to compete effectively with electron transport-coupled proton pumping. In other words, Ca2' uptake can load the electron transport system as a low resistance can load a battery, decreasing the membrane potential from its resting value of 150-200 mV. Because this "loading" increases with the Ca2+ uptake velocity, measurements of velocity with increasing free [Ca"'] are carried out with simultaneously decreasing membrane potential (6, 191, 207, 263, 303, 306; see APPENDIX) .
This causes the uptake velocity to increase more slowly with [Ca"'] than it would at constant membrane potential. Second, unless a Ca2' buffer is used at low [Ca"'] , mitochondrial Ca2' uptake can be fast enough to cause a significant decrease in external [Ca"'] and on heart mitochondria by Scarpa and Graziotti (380)) using murexide (APPENDIX).
The results of both studies indicated the higher-order kinetics that are usually associated with cooperativity and saturation at high [Ca"'] (68, 380) . Subsequent studies show considerable variation in reported values of maximum uptake velocity. For liver, the observed values usually fall between 700 and 1,200 nmol. mg-' l min-l (54, 208, 429) . For heart, reported values fall between 280 and 600 nmol . mg-l . min+ for mitochondria prepared by mechanical tissue disruption (112, 282) or 400 and 1,170 nmol rng-l. min-l for t,hose prepared by the nagarse (nagase) technique (282, 428) . Uptake velocity ( Vmax) is usually considered to be higher in liver than in heart mitochondria; however, the highest reported Vmax (1,750 nmol mg-l .min-') was obtained with dog heart mitochondria prepared with nagarse (nagase) (282). It is generally agreed today that *even the highest reported values of V max may still reflect rate limitation by the electron transport system (54, 98, 191, 208, 304) .
There has also been controversy over the Hill coefficient for the Ca2+ uptake process. Most studies reported sigmoidicity in plots of uptake velocity vs. [Ca"'], indicating positive cooperativity (54, 68, 191, 208, 341, 380, 429) , although some either did not observe it or found it to depend on temperature, [Mg2+], ionic strength, or other conditions (4, 5, 54, 112, 237) . Increasing impermeable electrolytes, such as Mg2+ or Li+, or decreasing the temperature enhanced the observed sigmoidicity (54). The reported Hill coefficient has usually been 1.7-2.0, although both higher and lower values have been reported (4, 5, 54, 68, 112, 191, 208, 237, 341, 380, 429) . Undoubtedly, variations in experimental conditions account for the range of observed values. Because a knowledge of Vmax is essential for a Hill plot, and because measured Vmax values are compromised by the decrease of membrane potential caused by Ca2+ uptake, values of the Hill coefficient are also not completely trustworthy. However, the best estimate for the Hill coefficient is -2.0.
A Hill coefficient of 2.0 could indicate two ions bound in cooperative transport sites or at one transport site and a separate "activation" site, such that binding of an ion at the activation site increases the affinity for binding of another ion at the transport site. Vinogradov and Scarpa (429) have observed that when small amounts of Ca2' are bound, the sigmoidicity of Mn2+ transport is lost, and the transport velocity is significantly increased. The suggested explanation is that Ca"' binding to an activa-tion site increases the rate of Mn2+ transport, a hypothesis further corroborated by evidence that Ca2+ dissociation from the activation site is slow (seconds to minutes), in contrast to the rapid rate of transport (236, 237, 350) .
Further evidence for an activation site has been obtained by studying the reverse activity of the uniporter (209, 254) . The chelator ethylene glycol-bis(P-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) is almost as effective as the uniporter inhibitor ruthenium red in inhibiting uncoupler-induced Ca2+ release from heart mitochondria (Fig. 2) . The activator site is thus apparently located on the cytoplasmic side of the inner membrane and can markedly alter the rate of both inward and outward transport over the uniporter. Interestingly, EDTA did not substitute for EGTA in inhibiting reverse activity (209).
A third parameter for which there has been poor agreement is the [ Ca2+] or chemical activity ({Ca"+)) giving half-maximal transport velocity (& 5) . Published values range from -1 to 189 pM (4, 5, 112, 207, 208, 320, 341, 429) . Because low values of Ko5 are obtained where Vmax is low, measured & 5 can be distorted by the problems discussed above in obtaining a true Vmax, as well as by other variables that decrease the Ca"+ uptake rate, such as [Mg"+] (4, 112, 207) .
In spite of the lack of close agreement regarding important Ca"+ uptake parameters such as Vmax and KoS5, it is probably correct to say that the process is best described by a second-order Hill equation J( {Ca"']) = V,,,r Ca2'j2/(K& + { Ca2+)2), where J( t Ca2+)) is influx velocity, and Koe5 is a combined parameter for activation and transport.
Membrane Potential Dependence of Uptake
Although necessary for a complete characterization of the mechanism, the membrane potential dependence of the uniporter (191, 303, 363, 364) has received far less attention than the [Ca"'] dependence. Net inward Ca2' flux across the inner membrane may be described by the following relationship (450), obtained from consideration of bulk diffusion phenomena
where Joi is the net inward flux, L is the membrane thickness, D( {Ca"')) is an "effective diffusion coefficient," which can be a function of [Ca"'] or ( Ca2+) for specific mechanisms, and f (A+) is a function containing the membrane potential dependence of the transport. D ( {Ca2'}), the effective diffusion coefficient (shown here as a function of Ca"+ activity), may be thought of as resulting in this case from a specific facilitated diffusion mechanism (the uniporter) present at a concentration of n transporters per unit area, each of which permits diffusion at a rate many orders of magnitude greater than diffusion through an equivalent area of lipid bilayer, so much greater that all diffusion is essentially through this mechanism. The membrane potential dependence f (A$) (A4 = ZFA$/RT, where 2 is charge stoichiometry, F is the Faraday constant, R is the gas constant, T is the Kelvin temperature, and A+ the difference of electrical potential across the transport membrane) is consistent with a uniporter if the steady-state behavior follows the Nernst equation. In the steady state in which net flux (Jo;) is zero, the equation above yields {Ca2');,/{Ca2+jo,t = f (A@)/ f(-A4).
The N ernst equation requires {Ca2+}in/{Ca2+),,t = eA4. Thus f (A4) = e A4'2Ev(A@), where Ev( A$) is any even function of A4, is consistent with the Nernst equation. The simplest form of f (A& which would fit this relationship would be f (A$) = eAg/' ({ Ca"+];,/{Ca2+)o,t) = ezFA+lRT or A$ =: (2.303RT/ZF). log (( Ca"')iJ{ Ca2+},,J Another possible form for f (A& is f (A@) = ( eA4/2)( A@/ 2)/[sinhA4/2)] (450). This form is derived from the primary assumptions of the Goldman constant-field equation, i.e., that transport takes place by diffusion down the electrochemical gradient and that the membrane potential gradient is constant across the membrane.
In fitting membrane potential dependence to possible functional forms of f (A+), the membrane potential drop across the transporter should be less than or equal to the membrane potential drop across the entire membrane, because the rate-limiting part of the transport may not span the entire membrane or the region over which the change of membrane potential occurs. It is also possible that the electrical potential across the mechanism doesn't fall to zero concomitantly with the bulk membrane potential, for example, because of fixed charges INVITED REVIEW c759 producing electric field gradients across the transporter. This suggests that in fitting a functional form of f(A@) to Ca"' uptake data, A+ should be expressed as A+ = (bwvRT)(AlC/ -Ah), where b is a fitting parameter (1.0, which accounts for the fraction of the membrane -potential spanned by the uniporter, and All/o is any possible offset of zero membrane potential across the transporter from that across the bulk membrane.
The solid lines in Fig. 3 show the results of fitting the membrane potential dependence of the initial rate data of Wingrove et al. (438) sets of experimental data for each free Ca2+ concentration rapidly converged to a value of b = 1 and A& = 91 mV, suggesting that the full potential drop occurs across the transporter but that there is a displacement of potential from zero. The third fitting parameter for each set is related to the concentration dependence of the uptake and can be shown to fit a second-order Hill equation fairly well. As can be seen in Fig. 3A , the membrane potential dependence of the Ca2+ uniporter fits the Goldman functional form quite well. An attempt was also made to fit the same data to the simpler functional form f (A@) = eA912. The result in this case (Fig. 3B ) appeared somewhat forced, although reasonable values of b (0.54) and A& (65 mV) could be chosen for each of the three sets of data at three free Ca2+ concentrations. However, with these fits, standard deviations are higher, coefficients of determination are lower, and, perhaps most importantly, residuals are not as randomly distributed when compared with the fits to the Goldman form. The functional form derived from the Goldman assumptions, then, appears to be the better description of the membrane potential dependence and clearly lies well within the accuracy of available data. This, in turn, suggests that the process involved is simple electrochemical diffusion, further supporting the identification of the uniporter as a diffusion-controlled mechanism.
Temperature Dependence of Uptake: Activation Energies
The temperature dependence of the rate of a process can often be used to determine an activation energy for the process by plotting the data as an Arrhenius plot [ln(rate) vs. l/T]. However, because the overall rate of a complex process is determined by its rate-limiting step (RLS), the complete success of this approach depends on an accurate identification of the RLS (i.e., which part of the process the activation energy describes). Conditions that appear to change the activation energy may actually be changing the RLS. In applying this approach to mitochondrial Ca2+ uptake, it must be remembered that regeneration of the membrane potential can be rate limiting. Furthermore, any transport process consists of at least three steps (association, transport, and release), and the function of a mechanism as complex as the uniporter probably consists of several more (including an activation step).
In sucrose medium where mitochondrial Ca"+ uptake was energized by succinate oxidation, Akerman (5) 
Inhibitors and Activators of Influx
Inhibitors of mitochondrial Ca2+ influx may be subdivided into the following categories: 1) competitive inhibitors among ions that are transported over the uniporter [Sr2+ (70), Mn2+ (24), Ba2+ (9), Fe2+ (355), and lanthanides (339)]; 2) ions like Mg2+, polyamines, and H+, which, although not transported by the uniporter, may interfere with Ca2+ transport through binding or charge screening effects; 3) polycations such as ruthenium red and hexamine cobalt (410), which are distinguished from the second category by the high potency and low constant (K;) of their inhibition; and 4) a number of pharmacological agents such as P-blockers (308), guanidines (115), and diuretics (156).
Because of the cooperative nature of Ca2+ influx, it is not always simple to demonstrate competitive inhibition. For example, the addition of a small amount of Ca2+ (429) or Pr3+ (418) at the initiation of Mn2+ uptake abolishes the sigmoidicity observed in their absence but may also stimulate Mn2+ uptake (418, 429), presumably by binding to an activation site. Because the lanthanides are transported so slowly by the uniporter, they represent potent and useful competitive inhibitors (339). Tew (411) found that the lanthanides most similar in ionic radius to Ca2+, namely Sm3' and Nd3+, provided the strongest inhibition of Ca2+ uptake, whereas Crompton et al. (106) , using a larger range of lanthanide concentrations, found Dy3+ to be the most effective inhibitor. Scarpa and Azzone (378) showed that La3+ competitively inhibits Ca2+ uptake, and Reed and Bygrave (339, 341), following the theory of Henderson (193) , provided an estimate of an approximate upper limit of 0.001 nmol/mg protein for these La3+-sensitive Ca2+ transport sites in the inner membrane (338). Although Ni2+ has not been shown to be transported by the uniporter, it has been reported to inhibit the liver mitochondrial activity (260).
Mg"+ inhibition of mitochondrial Ca2+ uptake, especially in heart, has been reported by many (5, 9, 112, 208, 400, 418) ; it is partially reversed by Mn"+ (11). The polyamines spermine and spermidine have been shown to inhibit Ca"' uptake in a manner similar to Mg2+ (4), although at low [Ca"'] they appear to activate Ca2+ uptake (239, 256, 301) . Inhibition by Mg2+ and polyamines may be due to binding near the transport site or to charge-screening effects (4). Ca2+ uptake has also been shown to decrease sharply as pH decreases over the range 8-7 (191, 208, 341) .
The most commonly used inhibitor of the uniporter has been the polycation ruthenium red (361), a hexavalent polysaccharide stain, particularly for glycoproteins, which binds at many Ca2+ binding sites (267). Using the recrystallized compound (267), Reed and Bygrave (338) have shown that it inhibits the uniporter noncompetitively with a K; of -30 nM. Amounts 15-50 times above this Ki virtually abolish Ca2+ influx; however, because ruthenium red binds readily to glass, plasticware, and medium components such as bovine serum albumin (BSA), care must be exercised in determining how much is necessary for complete inhibition under a specific set of experimental conditions.
A variety of cardioactive drugs such as quinidine, alprenolol, propranolol, oxyfedrine, and tetracaine have been shown to reduce the rate of energy-dependent Ca2+ and adenine nucleotide uptake in mitochondria (308). The degree of inhibition was two-to threefold higher in heart than in liver mitochondria (308). Phenethylbiguanide has been shown to inhibit both Ca2' uptake and release (115). The inhibition is mixed competitive and noncompetitive in heart and competitive in liver. K; is 1.1 and 8.5 mM in energized and nonenergized heart mitochondria, respectively (115). The diuretic ethacrynic acid was shown to inhibit Ca"+ accumulation in kidney mitochondria, an effect that was reversed by Pi and enhanced by acetate (156). Two amiloride analogues have been shown to inhibit Ca2+ influx without significantly affecting either oxidation rate or efflux (383). Other amiloride derivatives inhibit Ca"+ influx but affect oxidation rate, Ca2+ efflux, or both (383). The polycationic antibiotic gentamicin is a competitive inhibitor of Ca2+ uptake by kidney mitochondria (K; = 233 PM; Ref. 376) .
The primary effects of Pi on Ca"+ uptake appear to be due to its cotransport with H+ into the matrix and to precipitation of Ca2+ with phosphate (261, 304, 454) . In addition, Pi has been shown to increase the rate of Ca2+ uptake into heart mitochondria even at constant membrane potential (108). At lower total Ca2+, spermine and spermidine increase mitochondrial Ca2+ influx more than efflux, leading to a lower regulatory range ("set point") of external Ca2+ in the suspension (11, 239, 256, 301 (49, 73, 129, 152, 159, 211, 212, 250, 330, 358, 359, 370, 396, 402, 403) . Most extensively studied has been the glycoprotein or set of glycoproteins (33,000-42,000 Da) which appear to be located in the intermembrane space and to be removable by hypotonic rupture of the outer membrane (73, 330, 370, 402, 403) . It binds Ca2+ with both high and low affinity, and this binding is inhibited by ruthenium red or La"+. The rate of Ca2+ uptake is greatly slowed in preparations from which the glycoprotein has been removed and is partially restored on its addition to the suspension.
Antibodies to the glycoprotein significantly inhibit Ca2+ uptake (73, 330, 370, 402, 403 The kinetics of Ca2+ uptake over the uniporter (112, 207, 341, 373, 429) have been said to be consistent both with carrier or gated pore (207, 341) and with channel models (373) of transport.
Incontrovertible proof that the mechanism is one or the other (e.g., trans-acceleration) has not been shown. A comparison of turnover rates per site might be instructive in this regard. Due to the small number of Ca2+ uniporters found per milligram protein (0.001 nmol/mg; Ref. 338) and to the large value estimated for Vmax (e.g., 1,200 nmol Ca"+ . mg-l . min-l at 22'C), the turnover of Ca2+ per site can be calculated to be large (2 x lo* Ca2'* site-'. s-l). This is a little smaller than that estimated by Brahm (56) for the erythrocyte anion exchanger, which is believed to be a gated pore (4-5 X lo* ions. site-'. s-l at 3O"C), but is larger than that of the anion exchanger at lower temperatures, because of the lower temperature coefficient of the Ca2+ uniporter. Both mechanisms show a much smaller turnover than has been estimated by Brahm for K+ transport through the channel former gramicidin (2 X lo7 ions. site-' l s-l at 38°C; Ref. 56) or for the urea transporter of the red blood cell, which is also a channel (1 X lo7 molecules site-'. s-l; Ref. 452, based on work by Frohlich et al.) . Thus, in terms of turnover per site, the uniporter appears to behave more like a very fast gated pore.
MECHANISMS
OF EFFLUX
Mediated and Nonmediated Efflux
At least two separate Ca2+ efflux mechanisms, displaying kinetics consistent with those of a carrier or gated pore, exist in the mitochondrial inner membrane. They are known as the Na+-dependent (100) and Na+-independent (333) mechanisms.
Also, the inner membrane may undergo permeability changes under certain conditions (29, 203, 223, 305, 321, 322) , leading to loss of membrane potential and leakage of K', Mg"+, Ca2+, and other small ions and molecules (30). These changes are induced by high Ca2+ and inhibited by ATP, ADP, and Mg2+ (29, 203, 223, 305, 321, 322) . The permeability changes may be reversed and the mitochondria reenergized under some conditions by removal of Ca2+ (13, 62, 102, 209, 323) , leading to the suggestion that the Na+-independent mechanism may represent the permeability change and its reversal, taking place in successively deenergized subfractions of the mitochondrial population (62, 104, 323) . However, there is no evidence that Na+-independent efflux occurs at different rates in mitochondrial fractions. Furthermore, under specific experimental conditions, Na+-independent Ca"+ efflux can be clearly separated from more specific manifestations of the permeability transition, such as swelling and uncontrolled rapid loss of Ca2+ (96, 439) . Therefore, Na+-independent Ca2+ efflux is considered here as a selective carrier or gated pore occurring in the energized organelle. The possible physiological role of the permeability transition is of great interest (102), and the possibility that it may sometimes function as a Ca2' efflux mechanism remains at this time an intriguing possibility (discussed below).
Mediated Efflux .
Considerations of energy. A Ca ion in the mitochondrial matrix is at a significantly lower energy than a Ca ion in the external space. Assuming a matrix (Ca"') of 200 nM, an external {Ca"') of 100 nM, a membrane potential of 180 mV, and a temperature of 21°C as in Fig. 1 , the energy necessary to extrude 1 mol Ca"+ is -33.0 kJ. This energy must be supplied either from ATP hydrolysis, electron transport sources, or the gradients of other coupled transported ions in transporting Ca2+ outward. Possibilities for ions involved in coupled transport include H+, Na+, K+, Pi, and adenine nucleotides. At a typical pH gradient of 0.5 units (332), -20.1 kJ is available from the inward transport of 1 mol H+; consequently, at least two H+ must be exchanged for each Ca2+ to make a passive Ca2+/nH+ exchanger energetically feasible. Because matrix Na+ is kept relatively low, by a Na+/H+ exchanger (154), at least 17.1 kJ/mol and perhaps as much as 20.1 kJ/mol is available from the inward transport of Na+. As with the Ca2+/nH+ exchanger, at least two Na+ must be exchanged for each Ca"+. Because matrix K+ is high, perhaps of the order of 140 mM (154), only -5.85 kJ/mol is available from inward transport of K+ when mitochondria are suspended in low K+ medium.
From the standpoint of available energy, Ca2+ efflux could conceivably occur by outward cotransport with Pi or with adenine nucleotides. Because the gradient of H2P0, is held close to the gradient of OH-by the action of the H+-H2P0, symport, the outward transport of H2P04 would yield -20.1 kJ/mol for a typical pH gradient of 0.5 pH units. A related calculation indicates that -40.1 kJ/mol is available from outward transport of HPOg-. Although some energy is available from downhill movement of adenine nucleotides over the ATP/ADP exchanger (213), it is difficult to say whether or not enough energy is available from these sources to permit efflux of Ca2+ with ATP in exchange for influx of another ion (say Mg2+) with ADP. Whatever the available energy, there is no evidence for Ca2' movement over the nucleotide exchanger.
adenine Such simple considerations indicate that energy is available for outward transport of Ca2+ across the mitochondrial inner membrane in exchange for two or more Na+ or two or more H+ but not for one Na', one H+, or two K+. Similarly, energy is available for outward cotransport of Ca2+ with two H2P04 or with one HPOgand perhaps for a process involving cotransport with ATP. Alternatively, outward transport of Ca2+ could be through an active mechanism. Each of is discussed below. these possibilities A simple rule in considering possible mechanisms of outward Ca2+ cotransport with anions such as Pi or ATP is that one of two conditions must obtain in in vitro experiments.
1) Either enough of the anion of interest must be present in the mitochondrial matrix to efflux with the ~80 nmol Ca2+/mg protein which has been observed to efflux from mitochondria through specific mech .anisms, or 2) the anio n must simultaneously cycle into the mitochondria on another mechanism. It is doubtful that any small anion (with the possible exception of Pi) is present in sufficient quantity in the matrix to satisfy condition 1. Because inhibitors of the primary influx mechanisms of the commonly transported anions are available, such cycling can be identified by determining whether Ca2' efflux is sensitive to inhibition of anion influx. Of course, under physiological conditions, any cotransported ion must be capable of simultaneous entry on another mechanism. Whatever the specific mechanisms, the net effect of Ca2+ efflux together with any indirectly coupled transport must be similar to an exchange of Ca2+ for two H+. For example, if Ca2+ effluxes over a Ca2+/2Na+ exchanger, the Na+ accumulated will efflux over a Na+/H+ exchanger. Even if during Na+-independent Ca2+ efflux Ca2+ is pumped out over an active mechanism coupled to electron transport, the Ca2+ is transported using energy that would otherwise have been used to pump two H+ outward. Again, the effect is like an exchange of Ca2+ for two H+.
Na+-dependent Ca2+ efflux mechanism. The primary Ca2+ efflux mechanism of mitochondria from heart, brain, skeletal muscle, parotid gland, adrenal cortex, brown fat, and most tumor tissue appears to be a Ca2+/ nNa+ exchanger (109, 110, 297) .
In contrast, the primary efflux mechanism of liver, kidney, lung, and smooth muscle is Na+ independent (110, 143, 333) . However, there is some Na+-independent Ca2+ efflux in heart (109, 359) and some Na+-dependent efflux in liver mitochondria (158, 186, 192) . The possibility that Na+-independent and Na+-dependent transport may be mediated by the same mechanism functioning in the absence or presence of Na+ has been ruled out, since the two mechanisms are affected in very different ways by inhibitors and activators (106). Moreover, Ca2+ efflux data with and without Na+ fit kinetic forms representing completely different types of mechanism (439, 440).
The Na+-dependent Ca2' efflux mechanism from heart mitochondria has been shown to catalyze the following exchanges: Ca2+/nNa+, Ca2+/Sr2+, and Ca2+/Ca2+ (97, 107, 109). Binding of Na+ and Ca2+ to transport sites is competitive (187). Li+ substitutes for Na', and Sr2+ for Ca2+ (100). [Others have claimed that Sr2+ strongly inhibits Ca2+ transport over this mechanism and is itself transported very slowly (374).] The exchange has been fit to a first-order Ca2+ dependence and a second-(109) or third-order (110) Na' dependence. The apparent order of the Na+ dependence, like the Ca2' dependence of the uniporter, has been said to depend on assay conditions (446). The concentration dependencies of this mechanism have been fit to a tentative model representing a ping pong mechanism (109, 187). Vmax in heart has been shown to be as high as 18 nmol mg-' . min-1 at 25°C (llO), while half-maximal velocity is obtained with 7-12 mM external Na' (100, 110) and with -10 nmol internal Ca2+/mg protein (100, 110). External K+ is a strong activator of this mechanism (half-maximal activation = 18 mM), but K+ cannot substitute for Na+ (107). It is not certain whether reported differences between the Na+-dependent Ca2+ efflux mechanisms of liver, heart, and brain mitochondria represent real physiological differences or merely differences in descriptions among several authors.
Certainly the similarities far exceed the differences, suggesting basically similar mechanisms. Vmax values would be expected. to vary with the number of transporters in the membrane, but the concentrations of Na+ and Ca2+ necessary for half-maximal transport activity are similar. The mechanisms in heart and liver even show similar K;'s for inhibition by the (+)-and (-)-optical isomers of the benzothiazepine diltiazem (88).
Like the efflux mechanism of heart and brain, the liver mitochondrial mechanism appears to exchange Ca2+/ nNa+, Ca2+/Ca2+, or Ca2+/Sr2+ (171, 440). Mn2+ is not transported over this mechanism (162). The efflux data for the liver mechanism fit the relationship
where Vmax is 2.6 t 0.5 nmol. rng-'. min-', Kc, is 8.1 t 1.4 nmol/mg protein, and KNa is 9.4 t 0.6 mM (440).
This relationship, like that of heart mitochondria (100, log), can be described as a second-order Hill Na' dependence and a first-order (Michaelis-Menten) Ca2' dependence. However, the kinetics of the liver mechanism fit a simultaneous, as opposed to a ping-pong, model (440).
Substances that have been shown to inhibit this mechanism in heart or brain include Mg2+ (92, 352), Mn2+ (162)) trifluoperazine (188) on the half-maximal Na+ dependence (187) but causes a large increase in the apparent Michaelis constant (&-J for internal Ca2+ (189) . This inhibition has a partial noncompetitive character and a Hill coefficient of 2 for Ca2+ (187). Mg2+ appears to interact with external Ca2+ regulatory sites (189, 269) , but this effect is abolished by ATP or ADP (189). Like the heart mechanism, the liver mechanism is inhibited both by Mg2+ (440) and very strongly by Mn2+ (162). It is also inhibited by high levels of ruthenium red (Ki = 15 nmol/mg protein) and by very low levels of tetraphenylphosphonium (TPP+; K; = 0.2 PM) and related lipophilic ions (229, 440). Spermine and spermidine have been found to activate this mechanism (301). The (+)-optical isomers of the cis-and trans-forms of diltiazem inhibit Na+/Ca2+ exchange in both heart and liver with comparable potency (Ki = lo-20 PM) while the (-)-optical isomers are ineffective (88). Trifluoperazine was found to inhibit Na+/Ca2+ exchange in both heart mitochondria (K; = 70 PM) and heart mitoplasts (K; = 70 PM in the presence of EGTA and 7.0 ,uM in its absence; Ref. 188). Particularly in mitoplasts, the exchange seemed very dependent on external
Na+-independent Ca2+ efflux mechanism: source of energy for the transport. The simple considerations of energy available for the Na+-independent Ca2+ efflux mechanism, discussed above, suggest that attention regarding possible passive mechanisms should be focused on a Ca2+/2H+ exchanger or on a cotransporter of Ca"+ and Pi (even a mechanism cotransporting Ca2+ and ATP cannot be ruled out on energetic grounds; Ref. 333 ). An active mechanism in which energy for Ca2+ efflux comes from the electron transport chain or from ATP hydrolysis is also possible (333).
Evidence has been presented supporting the passive Ca2+/nH+ exchanger (8, 57, 141, 143) ; however, considerable contrary evidence has also been obtained (30, 38, 165, 224, 372) , leading to some reassessment of earlier conclusions (95). Passive uptake of Ca2+ has been reported, ostensively driven by an artificially imposed pH gradient set up by K+ efflux over the K+/H+ exchanging ionophore dianemycin (95, 141). However, efforts by others to show Ca2+ uptake driven by pH gradients set up by other ionophores or by other means have led to conclusions opposing the Ca2+/nH+ exchanger hypothesis (38, 372). Ca2+ uptake by metabolically inhibited mitochondria was found to be enhanced by addition of the K+/H+ exchanger nigericin and strongly increased by addition of the uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP; Refs. 38, 372). It was completely inhibited by the uniporter inhibitor ruthenium red, but this inhibition could be reversed by subsequent addition of the Ca2+/2H+ exchanging ionophore A23187 (38). This transport was concluded to be over the electrogenic Ca2+ uniporter (38, 372) , and an upper limit of 0.1 nmol Ca2+* mg-l l min-' was placed on any possible Ca2+/nH+ exchange over an endogenous mechanism (38).
Release of Ca2+ from a Ca2'-loaded mitochondrial suspension on addition of pulses of HCl has been observed (8). However, it has been shown that release of this type does not occur if care is taken to avoid excessive oxidation of NADH by this process (224) or if the suspending medium is acidified to the same extent by addition of buffer instead of acid (165). These control experiments suggest that the release (8) may have been caused by damage to the inner membrane by the acid.
In the absence of gross membrane alterations, a 2:l (H' to Ca2+) stoichiometry has been reported for this putative Ca2+/nH+ exchange mechanism after simultaneous measurement of Ca2+ efflux and H+ influx using electrode techniques (143). However, it is very difficult to measure accurately the stoichiometry of this relatively slow transport mechanism in the presence of much more rapid systems for transport of Ca2+ (the uniporter) and of H+ (the proton pumps coupled to the electron transport system, etc.). In addition, medium pH and change in pH (ApH) are both affected by CO2 generation, respiration, transport of Pi or substrate, and other phenomena. Before such stoichiometric data can be accepted as relevant to a Ca2+/nH+ exchanger, linkage between measured Ca"+ and H+ fluxes should be demonstrated.
A minimum requirement should be persistence of the measured stoichiometry of 2 over a range of pH near neutral. The Ca2+ efflux to H+ influx stoichiometry varied from +4 to -2 when measured over the pH interval 6.5-8.5 (165), suggesting that the value of +2 measured in the earlier work was coincidental.
Variation of Ca2+ efflux with external pH or an increase in efflux with ApH would be expected of a Ca2+/nH+ exchanger. Nevertheless, no significant variation of Ca2+ efflux with medium pH (165, 299 but see also Refs. 18, 417, 445) or increase in efflux with increasing ApH was observed (165). No evidence was observed with this mechanism for Ca2+/Ca2+ exchange, which is usually observed with Ca"+ exchangers (165). In balance, these observations argue against the mechanism being a passive Ca"+/nH+ exchanger. However, until a positive identification of the Na+-independent Ca"' efflux mechanism is made, all energetically viable possibilities must continue to be considered carefully.
The possibility of some form of Ca2+-P; cotransport has received serious attention (95, 439, 453, 454) .
Because transport over such a putative cotransporter would require binding of both Ca2+ and Pi, transport velocity would be expected to increase with [Pi] ; however, an increase in Ca"+ efflux with increasing intramitochondrial [Pi] was not observed in these studies. Zoccarato and Nicholls and others (347, 453, 454) , using a novel technique employing hexokinase to drive intramitochondrial Pi quite low, observed a decrease in Ca2+ efflux, not an increase, with increases in intramitochondrial Pi (453, 454).
While Ca"+ could efflux in cotransport with ATP, as discussed above, there is not enough adenine nucleotide present in the matrix to efflux with 80-100 nmol Ca2+/ mg protein without cycling of adenine nucleotide (165, 166, 213) . Because Ca"+ efflux is insensitive to atractyloside, a potent inhibitor of the adenine nucleotide exchanger, this form of efflux is unlikely. For energetic reasons, Ca2+ could not efflux directly with ATP in exchange for ADP on the nucleotide exchanger unless cotransport of another ion (say Mg'+) with the ADP were also involved. There is no evidence that such cotransport of Mg2+ occurs (95). Outward transport of Ca2+ along with adenine nucleotides on a net adenine nucleotide transporter (17, 22) would undoubtedly be too slow to account for the observed Ca2+ transport velocities. Likewise, Ca2+ could not efflux in cotransport with substrate molecules such as malate in exchange for Pi unless another ion such as Mg2' were also involved to make the process energetically feasible, and there is no evidence for such involvement (95). Thus, of the possible passive mechanisms for Na+-independent Ca2+ efflux initially considered most likely, none is supported by current data. No direct coupling of Ca2+ efflux over the Na+-independent mechanism to transport of any other ion has been convincingly demonstrated after over a decade of work. If Ca"+ efflux over this mechanism is not directly coupled to the transport of another species, then for energetic reasons it must be active because of its demonstrated ability to transport Ca"+ outward against its electrochemical gradient. No evidence has been presented contrary to the Na+-independent mechanism being an active mechanism.
There is evidence for active uptake into inside-out submitochondrial particles (SMP) and cytochrome oxidase vesicles (COV), which seems linked to the mitochondrial Na+-independent efflux mechanism because of demonstrated effects of uncouplers on the transporter. Several groups (39, 166, 261) have reported anomalous behavior of Ca2+ efflux from liver mitochondria in the presence of low levels of uncouplers. In two of these cases (39, 166), significant inhibition of Ca2+ efflux by 2,4-dinitrophenol (DNP), CCP, or FCCP was directly observed. In the third case (261), no significant change in the pCa of a mitochondrial solution, buffering Ca2+ at its set point, was observed as sufficient CCP was added to decrease the membrane potential by 27%. Because decreasing the membrane potential lowers uniporter activity, this implies an inhibition of efflux as well as influx by the uncoupler. It was suggested (359) that inhibition of Na+-independent efflux by uncoupler could imply some topographical linkage between the Na+-independent efflux mechanism and the high-affinity uncoupler binding site (153, 183) .
Several groups have reported uptake of Ca2' or Mn2+ into inside-out SNIP (89, 164, 170, 265, 317, 435) . In some cases, the data could be explained by uptake over a putative passive Ca2+/nH+ exchanger or, alternatively, by an active mechanism (89, 265, 314, 435) . In other cases, however, uptake could be driven by substrate oxidation but not by ATP hydrolysis (164, 170) . Both substrate oxidation and ATP hydrolysis (either of which can be used to pump protons inward into SMP) were shown by fluorescence assays using a carbocyanine dye to set up similar internally positive and acid electrochemical proton gradients (164, 170) . This uptake into internally positive SMP was strongly inhibited by very low levels of uncoupler (164, 170) , consistent with the mitooxidation and cannot be driven by ATP hydrolysis suggests that the co mmon denominator of these two means of energization, the electrochemical proton gradient, is not an intermediate. This is inconsistent with the passive Ca2+/nH+ exchanger model but is consistent with an active mechanism (164, 170) .
Several groups have demonstrated Ca2+ uptake into cytochrome oxidase vesicles or other small vesicles reconstituted using phospholipids and extracted mitochondrial proteins (129, 152, 358, 359, 369) .
One of these (359) demonstrated uptake of Ca2' against its electrochemical gradient into internally positive (inside-out energized) azolectin vesicles containing cytochrome oxidase and fraction V, which includes the high-affinity uncoupler binding site as well as the base protein (FO) of the mitochondrial H+-transporting ATPase ( F1) (359). Oxidative phosphorylation could be observed in these vesicles on addition of external oligomycin-sensitivity-conferring protein and F1. However, Ca2+ uptake (as well as Mn2+ and Rb+ uptake, but not Na+ uptake) could be observed on reduction of cytochrome oxidase with ascorbate and phenazine methylsulfate, but not on energization by ATP hydrolysis by the F1-ATPase or by an internally acid pH gradient induced by addition of buffer (359). The simplest explanation of these data is the existence in the mitochondrion of an active Na+-independent Ca2+ extrusion mechanism (359).
If such an active mechanism does exist, energized by substrate oxidation, then CN-might be expected to inhibit Na+-independent Ca"+ efflux in intact mitochondria. Such inhibition of Na+-independent Mn2+ (166) or Ca2' (163) efflux by CN-can be observed, where care is taken to avoid Ca2'-induced membrane permeability changes (Fig. 4) . While CN-would also inhibit proton pumping and therefore the pH gradient, the buffering power of the mitochondrial matrix for H+ is large (303, 306, 332) , and the changes in ApH which follow CNaddition take place over a period of minutes. The ob- http://ajpcell.physiology.org/ served change in Na+-independent efflux seems to take place more rapidly than this (Fig. 4) and is better correlated with inhibition of cytochrome oxidase. This is again consistent with the active efflux hypothesis. More work should be performed to verify the active nature of the Na+-independent Ca2+ efflux mechanism. Kinetics of Na'-independent Ca2+ efflux. Several kinetics studies have focused on Na+-independent Ca2+ efflux from mitochondria (96, 439, 453, 454) . This mechanism has been shown to transport Sr2+ (163, Ba2+ (268) , and Mn2+ (166, 333), as well as Ca2'. In the earlier studies, the extreme flatness of the saturation region of a plot of transport velocity vs. [Ca"'] was interpreted as Ca2+-P; precipitation in the matrix, but for several reasons this is an unlikely interpretation. First, the velocity characterizing this saturation does not decrease as intramitochondrial [Pi] increases (439). Second, when best estimates of the intramitochondrial [Pi] and [Ca"'] are used (96, 117, 169, 270) , the product (up to at least 60 nmol Ca2+/mg protein with endogenous Pi) is still less than the measured solubility product of amorphous calcium phosphate (0.1 PM; Ref. 300). Third, when velocities of both Na+-dependent and Na+-independent Ca2+ efflux are measured in the same mitochondrial preparation, saturation does occur at close values of [Ca"'] for the two mechanisms (Ko 5 of 8.1 t 1.4 for Na+ dependent and 8.4 + 0.6 for Na+ independent); however, the Ca2+ de--pendencies are of different order (439, 440) . Saturation of the Na+-dependent mechanism does not show the "flatness" shown by the Na+-independent mechanism. If the apparent saturations were due to precipitation with Pi instead of saturation of a mechanism, then the saturation of the Na+-dependent mechanism would become flat at the same [Ca"'] as that at which the Na+-independent mechanism does, contrary to observation. Fourth, the sigmoidicity of the dependence of transport velocity on intramitochondrial Ca2+ can clearly be seen for the Na'-independent mechanism at very low intramitochondrial [Ca"'], establishing its second-order nature and simultaneously explaining the flatness of its saturation (439). The investigation of the very low [Ca"'] region required the development of a gentler method of depleting the mitochondrion of endogenous Ca2+ (439).
Co11 et al. (96), using the null-point titration technique, found that [Ca"'] is proportional to total intramitochondrial Ca2' up to -55 nmol Ca2+/mg protein. This observation has been used in fitting both Na'-independent and Na+-dependent Ca2+ efflux to transport models (171, 439, 440) . The fit of Na+-independent efflux data to transport models has suggested either a nonessential activation or an Adair-Pauling mechanism (439). Data on Sr2+ transport (171) and Mn2+ transport (162) over the same efflux pathway suggest a nonessential activation mechanism with separate activation and transport sites. Six independent sets of data have been fit to
yielding the best fit parameters: Vmax = 1.2 t 0.1 nmol mg-' .min-', K, = 8.4 + 0.6 nmol/mg, and a = 0.9 t 0.2 -nmol/mg (439). Na+-independent mitochondrial Ca2+ efflux has been claimed to be inhibited (under specific sets of conditions) by Sr2+ (171, 374), Mn2+ (162), and lanthanides; by low levels of classical uncouplers such as DNP, CCP, and FCCP (39, 166, 261) ; by lipophilic cations such as TPP+ and triphenylmethyl phosphonium (TPMP+) at concentrations about an order of magnitude higher than those observed to inhibit Na+-dependent efflux (440); and by subionophoretic concentrations of the ionophore lasalocid A (114). The inhibition by Mn"+ is clearly competitive (162). While many possible inhibitors have been tested, the number which have proven to be inhibitory is much smaller than that for the Na+-dependent mechanism. Furthermore, where the same inhibitor acts on both mechanisms, generally a higher concentration is necessary for inhibition of the Na+-independent mechanism. This suggests that the Na+-dependent mechanism may be more sensitive to pharmacological and perhaps physiological control than is the Na+-independent mechanism.
It is interesting that two specific mechanisms of Ca"+ efflux should be found in the mitochondrial inner membrane. A similar situation is found in the plasma membrane of many cells, which contains both a Ca2+-transporting ATPase and a Ca2+/nNa+ exchanger (72). Perhaps the existence of two mechanisms merely reflects the complexity required to fully integrate mitochondrial Ca"+ metabolism with the complex net of ion transport systems which control so many cellular activities. Another possibility is that the Na+-independent mechanism is a less specific cation efflux mechanism used to clear Ca2+, Mn2+, and other ions from the mitochondrion before elimination from the cell. The current evidence for this is only suggestive. 1) Mn2+ (162) and Sr2+ (171) are readily transported by the Na+-independent mechanism in liver and brain, while Mn2+ is not transported by the Na+-dependent mechanism (162); 2) Vmax for transport of Mn2+ by the Na+-independent mechanism in liver is greater than that for Ca2+ transport (162); and 3) those tissues in which this Na+-independent mechanism is most prominent, liver and kidney (llO), are also the tissues most directly involved in elimination of specific ions from the body.
Mitochondrial Membrane Permeability Transition
Solute movements across the inner mitochondrial membrane normally occur via specific transporters; however, an apparent latent transport mechanism is present which can render the inner membrane permeable to many structurally unrelated molecules and ions (29, 176, 177, 184, 203-205, 313, 321, 322, 324, 392) . Activating the system is referred to as the permeability transition. The transition is regulated by Ca2+, releases this cation from the matrix space, and in recent years has been investigated as a potential Ca2+ release mechanism. Accordingly, we consider the transition under the topic of Ca2+ efflux, although numerous other roles are possible.
Evidence for the existence of the transition (sometimes unrecognized) has been observed since the beginning of work on mitochondria (e.g., Refs. 206, 247, 327, 334, 395, 409) . It includes what was once referred to as "Ca2+-by 10.220.32.246 on May 7, 2017 http://ajpcell.physiology.org/ induced uncoupling" and "damage" (see Refs. 248, 252 for review), the in vitro "aging" and "swelling" of mitochondria (e.g., Refs. 79, 225, 315, 360, 381, 432, 433, 441) , and comprised aspects of early theories on the mechanism of energy coupling in oxidative phosphorylation (e.g., Refs. 10, 19, 182) . This large and somewhat fragmented literature has never been reviewed comprehensively and can be reviewed only selectively here. We concentrate on work published since the mid-1970s directed at the mechanism and its regulation and on how the transition relates to the Ca2+ transport literature.
General properties of the transition. The permeability transition is induced by Ca"+ in conjunction with another agent referred to as an inducing or a Ca2+-releasing agent. The order of addition is not important, but Ca2+ must be accumulated into the matrix space for the transition to occur (176, 203, 204, 313, 321, 322, (324) (325) (326) 392 However, recent studies indicate that the transition also results in a slow release of matrix proteins (210). Thus even the property of solute exclusion by molecular size is not clearly evidenced by this system. Nevertheless, the fluxes of solutes subsequent to the transition differ by more than can be accounted for by the diffusion coefficients (13, 101, 319, 323) . The permeability defect per se, therefore, may be a family of related structures which differ somewhat in the extent to which they restrict the movement of particular species.
Solute movements are used to monitor the transition. The release of endogenous Mg2+, monitored by atomic absorption measurements after sedimentation, and swelling, monitored optically, are relatively unambiguous indicators (348). Determinations of sucrose impermeable space and sucrose trapping within the matrix space are also useful for assay of the phenomenon (12,203). Swelling occurs because matrix proteins are slow to equilibrate through the permeability defect compared with smaller molecules. The mechanism is, therefore, colloid-osmotic in nature (i.e., small molecule concentrations equilibrate across the membrane while an osmotic imbalance exists due to trapped protein. Water, entering to equalize the osmotic pressure, dilutes internal solutes. As more solute moves in to maintain equilibrated concentration gradients, the internal osmotic pressure increases, prompting the inward movement of more water, and so forth). Swelling can continue until mitochondria rupture when the extramitochondrial protein concentration is low.
With the use of Mg2+ release or swelling as indicators, 2-30 min are required to complete the transition after addition of Ca2+ and the inducing agent. The apparent slow time course is deceptive, however, when considered at the level of individual mitochondria. Ultrastructural changes accompanying swelling show that the time course represents a shift in distribution between impermeable and permeable forms, rather than the gradual development of a permeable state occurring simultaneously in all mitochondria (30, 31, 203, 323) . The time required for an individual mitochondrion to complete the transition is thus short compared with the time required by the whole population, analogous to what happens when making popcorn. This characteristic of the transition was attributed to existence of subpopulations differing in stability (30, 31, 203, 323) . However, recent studies by Crompton and co-workers (12, 101) show that although the process is rapid for an individual mitochondrion [half-time ( tli2) for sucrose equilibration = 800 ms], the transition proceeds over the entire population as a first-order process. Thus, if mitochondria differ in stability, the variations must approximate a continuum.
Properties which depend on the energetic state of mitochondria, such as membrane potential, Ca"+ retention, or coupling efficiencies, have been used to monitor the transition. However, the results of such measurements must be interpreted cautiously because of the simultaneous existence of permeable and impermeable fraction as the transition proceeds. Consider Ca"+ release. If the initial load is less than what can be accumulated under prevailing conditions, Ca2+ released from permeable mitochondria can be temporarily reaccumulated by the impermeable fraction, causing underestimation of the time course. Conversely, if the initial Ca2+ load is maximal, released Ca2+ cannot be substantially reaccumulated. Under these conditions, Ca2+ release suggests a more rapid time course than does Mg2+ release or swelling because Ca2+ is released by reverse uniport in addition to the permeability defect (30, 323, 348, 349) . Similar problems are encountered when monitoring membrane potential (30). Regardless of whether optical indicators, a TPP+ electrode, or cation distribution in the presence of ionophores is employed, the indicating method tends to report the membrane potential of the impermeable fraction. The existence of the permeable fraction is not revealed until the ratio of probe to protein remaining in the impermeable fraction becomes large enough to decrease the membrane potential by membrane perturbation or by dissipation because of accumulation of the probe (30, 101). Respiration measurements are also ambiguous because pyridine nucleotide release slows the oxidation of substrates linked to these coenzymes (e.g., Ref. 430), whereas with succinate, inhibition of electron transport develops between that substrate and coenzyme Q (319). Swelling, Mg2+ release, and sucrose permeability measurements are less subject to these types of artifacts and are preferred indicators, particularly when the exact time course of the transition is of interest (348).
Ca"+ requirement, the inducing agent requirement, and reuersibility. The Ca"+ requirement for inducing the transition is specific. Sr2+ and Mn"+ are poor substitutes (29, 69, 71, 79, 184, 205, 224, 313, 321, 322, 324) , and even the weak activity sometimes displayed by these cations could be caused by endogenous Ca"+ displaced from inby 10.220.32.246 on May 7, 2017 http://ajpcell.physiology.org/ ternal binding sites by the alternative cation. Because there are no reports of the transition occurring without the presence of at least endogenous Ca"+, the requirement for this cation may be absolute. The apparent transport requirement (documented above) reduces to a matrix Ca2+ requirement. This is shown by induction of the transition with a Ca2+ ionophore when it has been blocked by preventing Ca2' uptake with ruthenium red (204, 426) .
The rate at which the transition proceeds across a mitochondrial population increases with an increasing Ca2+ load (e.g., Ref. 321). However, observed rates vary substantially between preparations, increase with the age of a preparation, and differ according to the inducing agent employed. This indicates that factors regulating the process are not controlled by common experimental conditions. A rigorous analysis of Ca2+ kinetics has not been reported. Kinetic analysis is complicated by redistribution of Ca2+ between permeable and impermeable fractions as the transition proceeds (see above). This redistribution progressively increases the Ca2' load of the surviving impermeable fraction, creating cooperativity at the level of individual mitochondria. This may partially account for the complex-shaped swelling curves often observed (29, 30, 60, 349) . When Ca2+ redistribution is interrupted by the presence of chelators or ruthenium red, the overall rate of the transition decreases while swelling curves initially are more linear, suggesting zero-order kinetics (343). Again, this behavior varies with the mitochondrial preparation and with the inducing agent. Thus the first-order kinetics for the transition induced by phosphate (12, 101) may not be a general property.
Agents that induce the transition in Ca2+-containing mitochondria are listed in Table 1 . For some examples, particularly those which oxidize pyridine nucleotide, the basis of action on mitochondria has been controversial and not thought by all investigators to reflect increased permeability. The references cited are chronological and inclusive of the various interpretations so that all pertinent literature can be located. Comments on remaining points of controversy are presented in Interference by the transition with studies on Ca"+ transport and possible biological roles of the phenomenon, below.
Inhibition and reversibility. The transition is inhibited by several agents or conditions that prevent Ca2+ uptake or access of inducing agents to internal sites of action. Inhibitors which may function in a less trivial fashion include local anesthetics (29, 119, 324, 390), bongkrekic acid (176, 204, 259, 312, 422, 455) , N-acylethanolamines (133)) butylhydroxytoluene (76,310)) sulfhydryl reducing agents (14, 31, 53, 176) , certain Ca2+ and calmodulin antagonists (62, lSl), carnitine (124, 324) , ADP (43, 53, 94, 176, 185, 204, 219, 243, 258, 259, 455) , Sr"+ and Mn2+ (185, 198, 374, 375), Mg2+ (94, 243, 414, 455), and H+ (101, 184) . These inhibitors are generally of low potency and/or possess a variety of pharmacological and metabolic activities. They are therefore of limited usefulness in revealing the fundamental mechanism of the transition. Recently, the immunosuppressive cyclic peptide cyclosporin A has been identified as the first high-potency transition inhibitor (60, 103, 147, 407) . This compound is equally effective when different types of inducing agents are employed (60). It appears to act by associating with mitochondrial sites present at -100 pmol/ mg protein which bind cyclosporin A with an affinity constant of 10' M-l (60). Cyclosporin A should be useful in further investigations of the mechanism and biological roles of the transition.
Reversal of the transition is obtained by chelating free Ca2+ (12, 13, 101, 102, 184, 203, 319, 326) or adding cyclosporin (60, 210) and is favored by ADP, Mg2+, and a reduced state of pyridine nucleotides (101, 112, 184, 185) . Studies reporting reversal because of inhibiting Ca2+ cycling with ruthenium red (143, 263, 357, 367, 445) must be viewed with caution because, in general, they have not distinguished between reversal in the permeable fraction and "rescue" of the surviving impermeable organelles (30, 348). Using the relatively unambiguous criterion of sugar trapping as monitor, Crompton and co-workers (101) have recently shown that reversal occurs on a time scale of seconds, shows first-order kinetics, and appears to involve a synchronized closing of all pores in individual mitochondria.
When the permeability barrier is restored by Ca"' chelation, recovery of the permeable state is obtained on swamping the chelator in a ruthenium red-insensitive fashion (326). This suggests that the Ca"+ requirement is twofold; a requirement for Ca2+ at an internal site to induce the permeable state and a requirement for Ca2+ at an external site to maintain the permeable condition.
Possible mechanisms of the transition. The type of structure through which solutes cross the inner membrane after the transition (the permeability defect) must be determined before the substantial descriptive literature on the phenomenon can be reconciled with a specific mechanism. Two candidate structures have been considered. Haworth and Hunter (185) assumed that solutes cross through a proteinaceous pore, maintaining that inhibitors and activators of the transition bind to the pore at specific sites affecting the tendency to open or close in an allosteric fashion. Pfeiffer and co-workers (31, 324, 384) proposed defects in the membrane lipid phase arising from accumulating phospholipase A2 reaction products. In this view, a substrate cycle of phospholipid deacylation-reacylation establishes the steady state of free fatty acid and lysophospholipids which, in turn, alters permeability. Ca"' uptake activates phospholipase A2, and inducing agents inhibit reacylation, either directly (324, 384) or indirectly by raising the matrix space content of glutathione disulfide (GSSG; Ref. 31). The reaction product levels then rise, leading to increased membrane permeability.
The membrane phase pathway and associated theory are supported by the appearance of phospholipase A2 reaction products during the transition (29, 324, 384) and by the ability of (nonspecific) phospholipase A2 inhibitors to inhibit the transition (62). In addition, exogenous products induce the transition (Table 1) , and inducing agents do inhibit lysophospholipid reacylation (349). The proteinaceous pore theory is supported by compatibility of transition kinetics with simple kinetic 204, 143, 444, 219, 26, 391, 424, 37, 425, 259,426 264, 262, 263, 27, 30, 34, 288, 346, 377, 150, 151, 348, 37, 144, 353, 343, 102, 103, 149, 319, 101, 76, 60, 61 264,275 29, 262, 331, 219, 313, 30, 26, 422, 424, 60 148 62 31,75 196,197, 195, 194 312, 203, 392, 393, 390, 29, 357, 263, 307, 87, 367, 1, 445, 455, 219, 313, 40, 414, 454, 223,47, 161, 436,142, 231, 53, 12, 353, 309, 102, 103, 101, 76, 375, 125, 127, 60, 310 91, 318, 90, 408, 356, 204, 266 http://ajpcell.physiology.org/ models (185). The potency of cyclosporin A as an inhibitor of the transition and its lack of effect on phospholipase A, activity are significant new arguments in favor of a pore (60, 103). However, the inhibition afforded by cyclosporin A is transient (lo-20 min) and persists when used with an inhibitor of phospholipase AZ (61). Conversely, the protection afforded by phospholipase A, inhibitor is also transient unless cyclosporin A is present (61). These findings suggest that both transmembrane pathways (i.e., a proteinaceous pore and a lipid-phase pathway) are opened during or after the transition and that the pathways are interactive (i.e., phospholipase A, reaction products contribute to regulation of the pore and/or opening and closing the pore alters the activity of phospholipase). We adopt this hypothesis below when considering the potential biological roles of the transition.
The existence of overlapping mechanisms would help to explain why regulation of the transition appears so complicated. Factors involved include the mitochondrial content of Pi and adenine nucleotides, the content of phospholipase AZ reaction products, the reduction state of pyridine nucleotides and/or glutathione, and the prevailing concentrations of Ca2+, Mg2+, and H+. In addition, "membrane sulfydryl groups" (e.g., Refs. 257, 258, 391), the ADP ribosylation of mitochondrial proteins (e.g., Refs. 149, 344), and state of energization have been implicated. The way these factors regulate and interact with each other cannot be delineated at present; however, some further discussion may help to focus additional work. It appears that ADP rather than ATP or AMP is the adenine nucleotide which inhibits the transition (101, 185, 204, 243, 455) . With this in mind, the ratio of ADP to Pi in mitochondria is possibly a major controlling factor, with a high value favoring the impermeable state and a low one favoring the transition. These effecters might act directly on the pore, because phosphate does not produce pyridine nucleotide oxidation before the transition, and neither metabolite has been observed or is expected to perturb phospholipid acylation-deacylation or other regulating parameters. The inducing activities of phosphoenolpyruvate and pyrophosphate would then be secondary to depletion of ADP brought about by direct exchange on the translocase. The opposing effects of bongkrekic acid and atractyloside on the transition could represent the stabilization of the pore ADP binding site in a high-or low-affinity conformation, respectively. Although these opposing actions are analogous to those of the two inhibitors on the translocase (see Ref. 233 and references therein), the proposal is that their effects on the transition arise from direct action on the pore and not as a consequence of inhibiting the adenine nucleotide carrier.
The oxidation-reduction state of coenzymes is clearly also a major factor regulating the transition. With this parameter, multiple sites of action are likely to be involved. Using colloid-osmotic shrinkage to assay solute flux through the pore, Haworth and Hunter (185) found that NADH acts synergistically with ADP to inhibit the pore, whereas either compound alone gives mixed-type inhibition, apparently arising from two binding sites.
They suggested that ADP and NADH act at the same two sites. NAD+ was less inhibitory than NADH. Inhibition by NADH was diminished by NADPH and palmitoylcoenzyme A but not by NADP+ (185). This scheme does not easily explain why induction of the transition correlates better with the oxidation of NADPH than with that of NADH (176, 219, 331, 362, 425) . Furthermore, conversion of sulfhydryl glutathime (GSH) to GSSG induces the transition when both nucleotides are largely reduced (31). Oxidation of NADPH may favor the transition by the lipid-phase pathway secondary to GSSG accumulation and attendant effects on sulfhydryl groups required for lysophospholipid reacylation (31). Thus, unlike ADP and Pi, the oxidation state of mitochondrial coenzymes may be controlling factors for both the pore and lipid-phase mechanisms.
Interference by the transition with studies on Ca2+ transport and possible biological roles of the phenomenon. Unrecognized contributions from the transition have interfered with determining the properties of other Ca2+-release mechanisms. When Na+-independent Ca"+ release is investigated under conditions favoring the permeable state, high rates are obtained compared with those observed when conditions minimize the phenomenon (235, 439). The increment can be attributed to the transition even when membrane potential and respiration rates appear normal. Although evidence is mounting that the Na+-independent mechanism is energy dependent and distinct from the transition (see Na+-independent Ca2+ efflux mechanism: source of energy for the transport), it remains possible that the transition and its reversal may function as a Ca2+-release mechanism. An earlier model to this effect (62) is outdated by growing evidence that a pore mechanism can create the transition; however, a similar model incorporating the pore concept could be generated. The heart of such proposals is that small fractions of a mitochondrial population undergo the transition and its reversal continuously, releasing Ca"+ in the process, and that the presence of ruthenium red or chelators prevents reaccumulation. Evidence that such a process occurs under specific conditions has recently been obtained (101). Inhibitors and activators of solute-specific pores often change the probability of opening or closing without producing absolute situations (i.e., probabilities of 0 or 1). By analogy, even when conditions favo r the impermeab le state, the mitochondrial pores may open and close occasionally 9 Producing transient deenergization and Ca2+ release in the process. This mechanism would probably release all Ca"+ from individual mitochondria, with the depleted fraction growing as the total Ca2+ release became larger, in contrast to a gradual and uniform release which would be expected from a carrier mechanism. Distinguishing between these two types of release kinetics at the level of individual mitochondria may be the only way to clearly differentiate between the two possibilities.
The high rate of Ca2' release after pyridine nucleotide oxidation was believed by some to represent activation of a specific Ca2+-release mechanism instead of release due to the transition (143, 150, 151 The biological role of the transition is unknown, and in discussing this subject we hope to stimulate work in the area. There is general suspicion that the degradation of mitochondrial structure and function often occurring after cell injury is equivalent to, or an ultimate manifestation of, the transition.
Reviewing this area is outside the present scope; however, regarding ischemic cell injury, it should be pointed out that the highly reduced state of pyridine nucleotides, the rising level of ADP, and the general acidosis that exists in ischemia are potent factors antagonizing the transition. These properties may, in fact, exist to prevent the phenomenon from occurring during transient ischemia. If both pore-dependent and lipid-phase mechanisms can create the transition and if ADP, pyridine nucleotides, and Ca"+ (a regulator likely to be antagonized by H+) directly regulate the pore (see above), then the pore mechanism is the one which would be suppressed during ischemia. The damage to mitochondria which ultimately occurs may be a consequence of phospholipase A2 activity and opening the lipid-phase pathway instead of the pore.
It has not been generally held that the transition has a physiological role. The loss of coupled function, swelling, and attendant structural damage has seemed too expensive both energetically and metabolically. The apparent expense might not be realized, however, particularly if the transition were produced by simply opening a pore. First, because swelling is driven by a colloidosmotic gradient, it will proceed only until the concentration of osmotically active colloids on both sides of the membrane is equal. In vivo this means that swelling would halt when the cytoplasmic and matrix protein concentrations became the same. This point would probably be reached before membrane rupture, unlike the situation in vitro. If this is true, normal volume and function of the mitochondria could be recovered on closing the pore. When the transition is viewed as a reversible process that would not destroy mitochondria in vivo and that creates a condition in which energy wasting could be controlled, it is reasonable to propose physiological functions. A role as a Ca2+ efflux mechanism has been suggested (101, 102, 104, 323) . Under conditions in which mitochondria had sequestered large amounts of Ca2+ to protect the cell cytosol from Ca"' overload, this suggestion makes sense energetically, as the following analysis makes clear.
Compare the minimum energy necessary to release 10 nmol Ca2+ from 1 mg mitochondrial protein, either 1) by efflux against a membrane potential of 180 mV or 2) by loss of membrane potential (as in the permeability transition) leading to outward diffusion of Ca2+, followed by resealing of the membrane and reestablishment of the 180-mV membrane potential. The energy necessary to extrude a given amount of Ca2+ [Ca"'] against the electrochemical Ca2+ gradient is given by AG = (Ca"') [ZFA$ -RTln((Ca2+);,lICa2+l,,t)]
For the purposes of this calculation, chemical potential gradient energy for Ca2+ may be neglected, since, although the intramitochondrial {Ca"') is not well known, we do know that the contribution of this term will initially be small and negative and will become small and positive as the intramitochondrial { Ca2+} decreases.
Omitting this, the energy required is ZFA$( Ca2+). This process, then, requires a minimum energy of -348 X low6 J . Again ignoring {Ca2+} effects, if the membrane potential is dissipated, no energy is required for loss of Ca2+ from the mitochondrial matrix. However, the energy required to rebuild the membrane potential to 180 mV must be calculated. This would be (l/Z) CA+", the same as the energy required to charge a capacitor, having the same capacitance (C) as 1 mg (protein) of mitochondria, to a potential of 180 mV. Using a dielectric constant of -2 for the membrane interior, along with the area of the liver mitochondrial membrane (40 M2/g) and inner membrane thickness (50 A; Ref. 249), a capacitance of -140 pF/mg mitochondrial protein may be estimated. This would then yield an estimate of 2.3 X 10B6 J as the total energy necessary to recharge 1 mg of liver mitochondria from 0 to 180 mV, a figure X00 times less than the energy required to transport the Ca2+ out of energized mitochondria. 
In addition to the energy related to {Ca"+) changes, this calculation also must ignore the energy necessary to induce and to reverse the membrane permeability change, since this is currently unknown.
It is also obvious that the mitochondrion would have to suspend oxidative phosphorylation and other essential functions during the period of deenergization associated with a permeabilized membrane so that this would probably not be a common occurrence.
Nevertheless, the calculation suggests that the transition may be a very "cheap" way to rid mitochondria of a Ca2+ overload after a period during which the mitochondria protected the cytosol from excess Ca? Because the transition-associated permeability defect allows a slow release of matrix proteins (ZlO), a role in protein turnover could be considered. Although mechanisms of protein import are actively studied, less is known about the release and/or degradation mechanisms required to complete a turnover cycle. If the transition functions as an independent protein release mechanism, it is possible that it is normally a more selective process which is perturbed by in vitro inducing conditions such that other solutes are accepted.
space to the external space. Na+-dependent Ca2' efflux is mediated by a Ca2+/nNa+ exchanger with a probable stoichiometry of two Na+ per Ca"'. This mechanism is most prominent in brain and heart where it can show a Vmax as high as 18 nmol Ca2+. mg protein-'.
min? This mechanism transports Ca2+ and Sr2+ but not Mn2+. Na+-independent Ca2+ efflux from mitochondria may be mediated by an active mechanism that uses energy from substrate oxidation. This mechanism is most prominent in liver and kidney mitochondria where it can show a Vmax of 1-2 nmol Ca"+ . mg protein-l. min.
This mechanism transports
Ca2+, Sr2+, Ba2+, and Mn"? If the assignments above are correct, Ca"+ efflux from mitochondria, like that from most cells, is mediated by a Ca"+/nNa+ exchanger and an active mechanism. Both mechanisms are inhibited by lanthanide ions, Mn2+, and TPP+. The Na+-dependent mechanism is also inhibited by MT2+, trifluoperazine, Ca2+-channel blockers, and amiloride derivatives.
A third and particularly interesting possibility is that the transition is used to divert the energy of substrate oxidation from ATP synthesis to the production of heat. In mammals, the source of heat used to maintain body temperature when the ambient temperature is at a value below the thermal neutral zone is not well understood. Brown adipose tissue is important in this regard. However, there is evidence that liver and other organs participate in nonshivering thermogenesis (see Ref. 406) , whereas in some animals and birds it is doubtful that sufficient brown adipose tissue is present to account for thermogenic capacity (199) . The direct utilization of ApH' for heat generation, rather than reliance on substrate cycles to increase the rate of ATP turnover, is considered probable by some investigators (e.g., Ref. 42).
How this could be accomplished in tissue other than brown adipose is elusive, however, as long as mitochondria are viewed as structures with constant permeability properties.
The Ca"+-mediated permeability transition may also, at times, function as a Ca"+ efflux mechanism. This pathway could release large Ca2+ loads rapidly and in an energy-efficient manner. The transition and its reversal probably normally occurs by opening and closing inner membrane pores. Phospholipase A2 activity may also create the transition, particularly under pathological conditions, by creating permeability defects in the membrane lipid phase. Mitochondria that have undergone the transition would oxidize NADH and produce heat. Regulation of the transition as it is understood to date, particularly the reversibility, suppression by ADP, probable continued control of the TCA cycle, and potential confinement to a fraction of mitochondria, generally makes sense were this the physiological role. The activation of phospholipase AZ, which accompanies the transition and may help regulate the pore, also releases fatty acids that are predominantly arachidonate and docosahexaenoate. Through the action of cyclooxygenase and lipoxygenase, these products could be converted to various lipid mediators linking the transition to other controlled systems, including perhaps circulation through local capillaries. In this way, the transformed mitochondria could coordinate their 0, supply and substrate availability.
Mitochondrial Ca2+ transport cannot be put into perspective unless it is considered in terms of the mitochondrion functioning within its cytosolic environment. Whereas the free ionized [Ca"'] in serum and extracellular fluid is in the millimolar range (300, 337), [ Ca2+] in the cytosol of resting cells is low, with current estimates ranging from Cl00 to -300 nM (72, 93, 98, 140, 337) .
Maintenance of low cytosolic [Ca"'] is necessary for proper cell function. Very high [Ca"'] can damage the structure of nucleic acids and some proteins, whereas intermediate levels can interfere with control of specific kinases (44) and can activate Ca2+-sensitive proteases or phospholipases, causing cell damage (138). It has been shown that failure of the system protecting the cytosol against high levels of Ca2+ often leads to irreversible damage and is the cause of >95% of cell morbidity (137, 138, 285, 382, 413, 449 Efflux of Ca2+ from energized mitochondria requires -33 kJ/mol Ca2+ to transport the Ca2+ from the matrix A number of mechanisms other than those of the mitochondrion function to transport Ca"+ into or out of the cytosol. In the plasma membrane are the outwardly directed Ca2+-pumping ATPase and the nNa+/Ca2+ exchanger (72, 337), as well as several inwardly directed, selective, voltage-gated Ca2+ channels; Ca2' can also cross the membrane through the Na+ channel (130, 286) . Other ATP-requiring Ca2+ pumps transport Ca"+ into endoplasmic reticulum and other organelles and into sarcoplasmic reticulum in muscle cells; there are also partially understood mechanisms of release from all of by 10.220.32.246 on May 7, 2017 http://ajpcell.physiology.org/ Downloaded from these organelles (72, 337). The final regulatory control of cytosolic Ca2+, clearly, must lie in the plasma membrane mechanisms. If these mechanisms permit either a continuous net influx or net efflux of Ca2+, intracellular stores will become either saturated or depleted, respectively. Moreover, because the nNa+/Ca2+ exchanger is not present in the plasma membrane of all cells, and because under normal conditions the plasma membrane is rather impermeable to Ca2+, the most important role in this regulation must be played by the Ca2'-ATPase of the plasma membrane.
Because cytosolic [Ca"'] is so low, pulses of [Ca"'] in the cytosol can be used for intracellular communication, functioning as a second messenger (337). In the liver cell, for example, stimulation by a-adrenergic agonists, vasopressin, and angiotensin II have all been shown to elicit periodic sequences of cytosolic Ca2' pulses ranging in amplitude up to 1 PM or higher, in pulse width up to 15 s, and in the period between pulses from ~20 s to several minutes (230, 351, 448) . This type of behavior may be typical of most types of cells (93).
Binding of hormone, neurotransmitter, or growth factor to specific receptors acts through a process mediated by a GTP-binding protein to activate a phosphodiesterase. This, in turn, mediates the hydrolysis of phosphatidylinositol 4,5bisphosphate into inositol 1,4,5trisphos-phate (IP3) and diacylglycerol (41, 217). Both of these hydrolysis products serve second messenger functions. IP,? stimulates release of Ca2+ from nonmitochondrial intracellular stores (probably endoplasmic reticulum; Refs. 63, 216, 269, 329) . The sequences of Ca2' pulses observed in cells after treatment by hormone are thought to be triggered by release of IP3 or one of its metabolites, probably both releasing Ca2+ from nonmitochondrial intracellular stores and modulating the Ca2+ permeability of the plasma membrane. The spatial distribution of these [Ca"'] changes within the cell is controlled by the distribution both of the Ca2+ sources and of the Ca2'-sequestering organelles within the cell (337). Measured pulse heights, even in single cells, should be considered as averages over part of the cell volume. The concentration seen by an individual mitochondrion might well be higher. The responses elicited by these Ca2+ pulses often represent only one component of the intracellular message of the initial external stimulus and can vary considerably with cell type. In most cases the response is not directly elicited by free ionized Ca2+ but by one or more of the complexes of Ca2+ with the ubiquitous Ca2'-binding protein calmodulin (232).
What is the Physiological Role of Mitochondrial Calcium Transport?
We have seen that mitochondria possess three or perhaps four mechanisms for the transport of Ca2+. What function do these mechanisms serve? It has been suggested in the past that mitochondria transport Ca2+ 1) to regulate cytosolic Ca2+ (232, 304); 2) to serve as a sink in times of Ca2+ excess, thereby stabilizing cytosolic Ca2+ so that the messages represented by Ca2+-calmodulin complexes are unambiguous (337); 3) to serve as a releasable source of activator Ca2+ (337); and 4) to regulate mitochondrial matrix Ca2+ and thereby control the level of activation of Ca2+-sensitive metabolic enzymes (dehydrogenases; Refs. 121, 174) .
Although intracellular organelles cannot regulate cytosolic [Ca"'] indefinitely, as discussed above, they may function as temporary regulators until they either become depleted of Ca2+ or overextend their capacity for Ca2+ uptake. At one time, evidence for this type of behavior by mitochondria seemed strong. After Ca2' uptake by suspensions of isolated mitochondria, Ca2+ influx over the uniporter was shown to be balanced by Ca2+ efflux (303, 333) . In this steady state, the mitochondria were able to regulate free [Ca"'] near or below 1 PM (32, 303). The lowest level of regulation attainable (in the absence of Mg2+ and in the presence of spermine) seemed to be -0.2 PM with liver mitochondria (301) or 0.3 PM with brain mitochondria (214). Spermine is present in the cytosol of both tissues in amounts of 300 ,uM or higher (214, 301) and activates Ca2+ uptake (214, 215, 301) . Furthermore, net accumulation of Ca2' by mitochondria in intact tissue was shown in a number of pathological conditions (138, 285), under which the mitochondria were clearly functioning to control or limit cytosolic free Ca"+ (138, 285). On the other hand, under more physiological conditions, particularly in the presence of millimolar [Mg2+], the Ca2+ set point of mitochondrial suspensions in vitro always seemed a bit higher than those levels of Ca2+ thought to obtain in the resting cell cytosol (64, 140, 216, 298) . Moreover, the addition of microsomes to a mitochondrial suspension decreased the free [Ca"'], even in the presence of physiological [Mg2+] , to a level -0.2 ,uM, near that believed to be obtained in the cytosol (33). Although the contention that mitochondria control cytosolic Ca2+ under some pathological conditions still seems secure, several types of data, including the above-mentioned set points obtained in vitro, have led to a reevaluation of the evidence for mitochondrial regulation of cytosolic Ca2+ in vivo.
Any intracellular organelle functioning to regulate Ca2+ in the cytosol would have to be partially loaded with Ca2+ to be able to release the cation should the cytosolic concentration fall too low. Data on "endogenous Ca2+" found in freshly prepared mitochondria have been hard to interpret because of the possibility that Ca2' might be picked up from solutions or glassware during preparation or might be lost from the mitochondria where a chelator such as EGTA was used during the preparation. However, data from electron probe microanalysis on rapidly frozen tissue samples found mitochondrial Ca2+ to be lower than would be expected if mitochondria were the primary organelle regulating Ca2+ in the cytosol (398, 399) .
In view of the pulsatile nature of the observed cellular Ca2+ signal (93, 230), it seems unnecessary to discuss a mitochondrial role in stabilizing cytosolic Ca2+. Cytosolic [Ca"'] is buffered by mitochondria and other cell organelles that sequester Ca2+, as well as by cytosolic Pi and other Ca2'-binding species. This causes the amount of Ca2+ which must be transported into the cytosol to reach a free ion concentration of 1 ,uM to be many times greater than an amount calculated simply on the basis of cyto- solic volume. The greater the amount of Ca"+ transported into the cell and into cell organelles, the higher the cost in energy for this means of signaling. This energy cost might have provided the selection pressure resulting in a pulsatile system with pulses of short duration (seconds) and a cooperative mitochondrial uniporter requiring seconds to minutes for activation (236, 237, 350) . We are not suggesting that mitochondria do not sequester Ca2+ during a pulse; the kinetics of mitochondrial Ca2' uptake suggest that they may. We are suggesting that mitochondria discriminate in favor of higher amplitude pulses of longer duration.
The release of Ca"+ from nonmitochondrial intracellular stores by IP3 has been observed in a number of laboratories (63, 216, 269, 329) ; however, no release of intramitochondrial Ca2+ is believed to occur under these conditions. In fact, the electron probe microanalysis studies mentioned above indicate that, under resting conditions, not much intramitochondrial Ca2+ can be released by any mechanism (398, 399). This contrasts with earlier results showing that the capacity of the mitochondrial system for Ca2+ is much greater than that of nonmitochondrial systems (33, 218) and that, under some conditions of release, most of the released Ca2+ is of mitochondrial origin (2 18).
Hansford (174) and Denton and McCormack (121) have found that Ca2+, at concentrations much lower than those found earlier to inhibit ADP phosphorylation and adenine nucleotide transport (by competition with Mg2+; Ref. 136), activated three dehydrogenases coupled to the electron transport system: pyruvate dehydrogenase, cyketoglutarate dehydrogenase, and isocitrate dehydrogenase. Activation of these dehydrogenases results in faster rates of both electron transport and ADP phosphorylation. Intramitochondrial free Ca2' is thus considered part of a mechanism that controls the rate of ATP output independently from substrate stimulation or product inhibition.
These dehydrogenases have been shown to be activated by [Ca"'] in vitro over the range 10V7-10V5 M (122, 173, 175,279,280,291,351,434) . Hansford (174) has proposed that, in heart, the mitochondrial Ca2' transport system is not rapid enough to keep up with beat-to-beat fluctuations in Ca2+ but manages to control matrix [Ca"'] so that it roughly reflects an average of cytosolic [Ca"'] over time. Thus more frequent Ca2+ pulses (faster heart beat) would engender a higher average level of mitochondrial matrix Ca2+, a greater activation of dehydrogenases, and faster ATP production.
The evidence that a similar activation of these dehydrogenases occurs in liver, brain, and other tissue is mounting (174), although there seems to be some conflict with earlier work (216, 437) . One difference between the tissues is that with liver mitochondria Ca2+ uptake is generally faster (238, 438) and efflux much slower than with heart (439, 440). This suggests that, viewed vis-avis the heart system, mitochondrial Ca2+ transport in liver seems designed not to average Ca2+ pulses but to "capture" them, retaining a memory of the pulse (171). In liver, the Ca2+ pulses are periodic but much less frequent than in heart (447, 448); this has led to the suggestion that the mitochondrial Ca2+ transport system of liver functions as a kind of "timer," determining the duration of enzyme stimulation by elevated matrix [ Ca2+] (171) and is able to prolong significantly the stimulatory effect of each pulse (171). If the Ca2+ message came in the form of a sequence of pulses, each -0.8 PM in intensity and 10 s in duration, with a period of -2 min, following hormonal stimulation (448) the liver mitochondrial Ca2+ transport system could sequester Ca2+ so as to provide a means of continuous activation of the dehydrogenases.
Data on intramitochondrial [Ca"'] obtained using the fluorescent probe fura-(see APPENDIX) may lead to some modification of the current models. Resting [Ca"'] levels measured in heart (291, 342, 351) and in liver mitochondria (169) are near or lower than the lob7 M lower limit for activation of the dehydrogenases. Furthermore, this work (169,342) suggests that the increases of intramitochondrial [Ca"'] that might be expected following hormonally induced Ca2+ pulses could fall short of maximal stimulation of the dehydrogenases. Use of these fluorescence techniques with mitochondria is new, and it is possible that intramitochondrial [Ca"'] has yet to be assayed under appropriate conditions. Alternatively, corroboration of these fluorescence data under all physiologically relevant conditions may suggest that the dehydrogenases are not fully activated except in those pathological conditions when the cell cytosol [Ca"'] exceeds a few micromolar and mitochondria become loaded with Ca"' in protecting the cytosol. ( Ca2+}) is related to the free ion concentration by the activity coefficient (y) as (Ca"+l = r[Ca"+]. The chemical activity should be used in the equations derived from the laws of electrochemical diffusion; however, where the activity coefficient y changes very little over a range of conditions, then (Ca"+) and [Ca"'] are proportional over this range, and equations similar to those derived for chemical activity also hold for free ion concentration.
Two types of calibration are necessary for studies of ion transport. First, the amount of total Ca2+ must be determined to determine the flux (J) from the rate at which total Ca2' changes. Second, the free ion concentration or chemical activity must be determined, since this appears in the transport equations.
Some of the techniques, discussed below, respond to changes in chemical activity, e.g., electrodes and metallochromic indicators, while others respond to total Ca2+ (or to the exchangeable fraction of total Ca2+), e.g., radioactive tracer techniques. The determination of total Ca2+ is usually made by determining and/or measuring Ca2' from all possible sources, i.e., Ca2+ added intentionally, endogenous Ca2' within the mitochondria, and Ca2' accidentally brought in with solutions and glassware. The determination of (Ca"+) is made through the use of well-characterized Ca2' buffers such as EGTA. A convenient wavelength pair for work with murexide is 540-570 nm. Antipyrylazo III has a higher affinity for association with Ca2+ . It is therefore sensitive to [Ca"'] in a lower concentration range than murexide or tetramethylmurexide. Unfortunately, it is more sensitive to interference because of Mg"+ concentration changes or pH changes. These latter problems must be controlled by careful selection and control of the wavelengths used (a common choice is 720-790 nm), to minimize Mg"+ interference, and the use of higher buffer power to minimize pH changes. Antipyrylazo III is even more sensitive to changes in [Mn"+] than to changes in [Ca"'] and can conveniently be used to study Mn2+ transport by mitochondria (a useful wavelength pair is 510-590 nm).
Arsenazo III, which has a higher affinity for Ca2+ binding (& = 15-50 ,uM) for use of metallochromic indicators to measure Ca2' uptake at low levels of external [Ca"'] . Ca2+ uptake is so rapid that at low external [Ca"+] (a few micromolar or less) unbuffered external Ca2' concentrations can change so rapidly as to make accurate determination of initial rates of uptake at a given external [Ca"'] 
The existence of indicator-Ca2+ complexes with stoichiometry other than 1:l complicates the use of antipyrylazo III and arsenazo III in studies in which the extramitochondrial Ca2' activity must be known. This is another disadvantage of using these compounds.
Cold ruthenium red or EGTA quench technique: use of 45Ca and Ca2+ buff ers. The cold ruthenium red or EGTA quench technique (68,340), which can be used in conjunction with Ca2+ buffering by EGTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), Br2BAPTA, HEDTA, or nitrilotriacetic acid (NTA), can be used to advantage at low external Ca2+ concentrations.
In using this technique, uptake of 4"Ca in a buffered suspension in a series of sequentially withdrawn aliquots is determined after plunging each aliquot into an ice-cold solution containing ruthenium red or EGTA to inhibit influx. Each aliquot is then filtered or centrifuged to separate the 45Ca associated with the mitochondria from that in the medium. At higher [Ca"'] (>5-10 PM), as Ca2' uptake becomes increasingly rapid, it becomes impossible to accurately withdraw each aliquot and treat it correctly in the decreased time interval available. 45Ca can also be used to good advantage in obtaining accurate measurements of mitochondrial Ca2+ efflux. Because efflux is a much slower process than influx, efflux experiments using 45Ca often do not require cold quench.
A major advantage of the use of radioactive labels such as 45Ca in cold quench experiments, efflux experiments, or any other experiments is the very high sensitivity and the absolute selectivity for the radioisotope used. Care must be used, however, to accurately assess the amounts of exchangeable endogenous Ca2+ which must be included in the total Ca2' pool, particularly where 45Ca is used in efflux experiments at low total Ca2+. 45 Ca experiments always measure total label in a fraction of the sample (such as the supernatant, pellet, or filtrate) and do not in themselves take account of binding either to mitochondria or to components of the medium. Major disadvantages of the use of 45Ca measurements are the timeconsuming nature of large experiments with deteriorating preparations and the time interval between performing the experiment and viewing the result.
Ca2+ electrodes. Ca2' electrodes can provide a convenient and inexpensive way of measuring Ca2+ fluxes in which the data can be observed directly as it is taken (412). Even modern Ca2+ electrodes, however, respond too slowly to accurately determine the more rapid mitochondrial Ca2+ influx velocities. The electrodes must be recalibrated often (perhaps twice a day or more) because the calibration changes with time. In addition, the electrode loses significant sensitivity in the nonlinear region (at low Ca2+ activities), and the shape of the calibration curve in the nonlinear region is particularly sensitive to the presence of competing ions (such as Mg"+, K+, or Na+) in the medium (292). The electrode measures (Ca"'}, not total Ca2+. The Ca2+-buffering power of the mitochondrial suspension must be carefully calibrated under the conditions of each experiment. Other techniques. Another technique that can be used to measure uptake velocity under steady-state conditions of external [Ca"'] is the steady-state Ca2' infusion technique of Zoccarato and Nicholls (454) . This is not a technique for initial rate measurements but rather for measurement of uptake rate under steady-state conditions. Using this technique, a known constant rate of Ca2+ infusion into the medium is maintained. Suspension Ca2+ increases until the rates of Ca2+ infusion into the medium plus mitochondrial Ca2+ efflux balance mitochondrial Ca2' uptake. Ca2' uptake rate is made easier to quantitate by the extreme flatness of the saturation region of the efflux velocity vs. internal concentration curve. The ionophore recycling technique is another approach to studying Ca2+ uptake under steady-state conditions (207, 208, 320) . In this procedure, respiration is monitored in the presence of an electroneutral Ca2+ ionophore. The rapid rates of respiration observed reflect Ca2' uptake and release by the uniporter and the ionophore, respectively, and can be used to estimate uniporter activity. (117, 169, 270, 291, 342, 434) .
With the use of the null-point titration technique, net flux of Ca2+ is measured using an impermeable Ca2+ indicator such as arsenazo III in a mitochondrial suspension of interest (96). The [Ca"'] in the external suspending medium is varied in a series of aliquots over a wide range. Ca2' permeability through the mitochondrial inner membrane is increased by addition of the Ca2' ionophore A23187 and the uncoupler CCP. Net Ca2+ flux is monitored in the series of aliquots having decreasing medium free [ Ca"+] through its reversal point or null point (i.e., the point at which net influx becomes net efflux). It is assumed that the free Ca2+ concentration at this reversal point or null point is equivalent to the matrix free Ca2' concentration.
There are numerous sources of error in applying the nullpoint titration technique. One of them concerns the uncoupler which must be used in conjunction with the Ca"+/2H+ exchanging ionophore A23187. The use of uncoupler is necessary, since otherwise, pH gradient may influence the apparent Ca2' null point. However, the addition of uncoupler can also null or even reverse (65, 74) the pH gradient that exists inherently because of alkalinization of the matrix following Ca2+ uptake. Ca2+ binding to the inner mitochondrial membrane is known to be a function of matrix pH. The addition of uncoupler can then strongly influence the ratio of free to bound Ca2+ in the mitochondrial sample being studied.
Mitochondrial esterases convert the membrane-permeable acetoxymethyl ester forms of fluorescent Ca2+ indicators such as quin2, fura-2, and indo-l into the membrane-impermeable carboxylic acid forms (FA; Refs. 117, 169, 270, 291, 342, 351, 434) . For several reasons, including 1) lower autofluorescence, 2) more rapid conversion, and 3) smaller pH and ionic strength dependencies, furais superior to indo-l as an indicator of intramitochondrial [Ca"+] (169). It is also superior to quin2, because its specific fluorescence is much higher than that of quin2 (93, 270) . The excitation spectrum of the fura-2FA-Ca complex is significantly different from the excitation spectrum of the unbound fura-2FA complex. From the excitation spectrum of intramitochondrial indicator, the ratio of the amount of calcium bound to free forms of this complex can be calculated. If one then knows the & for Ca2+ binding to this complex in the matrix space, the free [Ca"'] can be calculated. The largest source of error is the variation of & with conditions in the matrix space (169) and the difficulty of calibration under the precise intramitochondrial conditions of the experiment.
Separation of Concentration and Membrane Potential Dependencies
The data shown in Fig. 2 were obtained using buffered Ca2' and the cold EGTA quench technique.
Membrane potential was measured using the TPP+ electrode technique during uptake at a buffered and approximately constant concentration of free Ca2' in the suspending medium. Under these conditions, membrane potential is also approximately constant. When the membrane potential dependence of uptake velocity, for a series of (buffered) free ion concentrations, is plotted as in Fig. 2 12.
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